Background: It is not known whether the neurotoxicity produced by anaesthetics administered to young animals can also occur in children. Exposure of infant macaques to ketamine impairs performance in selected domains of the Operant Test Battery (OTB), which can also be administered to children. This study determined whether a similar pattern of results on the OTB is found in children exposed to procedures requiring general anaesthesia before age 3 yr. Methods: We analysed data from the Mayo Anesthesia Safety in Kids (MASK) study, in which unexposed, singly-exposed, and multiply-exposed children born in Olmsted County, MN, USA, from 1994 to 2007 were sampled using a propensityguided approach and prospectively underwent OTB testing at ages 8e12 or 15e20 yr, using five tasks that generated 15 OTB test scores. Results: In primary analysis, none of the OTB test scores depended upon anaesthesia exposure status when corrected for multiple comparisons. Cluster analysis identified four clusters of subjects, with cluster membership determined by relative performance on the OTB tasks. There was no evidence of association between exposure status and cluster membership. Exploratory factor analysis showed that the OTB scores loaded onto four factors. The score for one factor was significantly less in multiply-exposed children (mean standardised difference e0.28 [95% confidence interval, e0.55 to e0.01; P¼0.04]), but significance did not survive a sensitivity analysis accounting for outlying values. Conclusions: These findings provide little evidence to support the hypothesis that children exposed to procedures requiring anaesthesia show deficits on OTB tasks that are similar to those observed in non-human primates.
Exposure of young animals, including non-human primates, to anaesthetics consistently causes brain neurodegenerative changes that are associated with later adverse effects on learning and behaviour. 1e3 The potential clinical significance of these observations is a topic of debate and concern. Most studies in children find that multiple exposures to anaesthesia at a young age are associated with deficits in at least some cognitive domains and problems with learning and behaviour, 4e10 whereas most (but not all) studies examining single exposures do not. 11, 12 Thus, although some evidence supports the translational potential of the animal observations to humans, more data are needed, especially because there may be challenges in making direct comparisons using cognitive and behavioural domains that can be assessed in animals and humans. 13 Investigators at the Food and Drug Administration's National Center for Toxicological Research described the effects on neonatal macaques of 24 h of ketamine exposure on subsequent performance on their Operant Test Battery (OTB), used to examine the effects of neuroactive drugs on primate neurodevelopment.
14e16 Ketamine-impaired performance in several tasks assessing aspects of learning, motivation, impulse control, and short-term memory that persisted over almost 4 yr of repeated testing (approximately equivalent to human adolescence). The OTB has also been utilised in children, although there is less experience in using this assessment in older adolescents. 15 OTB performance by children is not generally distinguishable from well-trained monkeys, 17e21 and is correlated with general intelligence (correlations with other cognitive domains measured in standard neuropsychological testing have not been examined). 18 Thus, the pattern of OTB results observed after exposure of primates to anaesthesia can be compared with the pattern of results observed in children exposed to anaesthesia. The objective of the Mayo Anesthesia Safety in Kids (MASK) study was to examine the association between exposure to procedures requiring general anaesthesia before the third birthday and assessments of behaviour and neuropsychological function. 22 We conducted prospective testing of a propensity-guided sample of a birth cohort, examining children unexposed, singly exposed, and multiply exposed to general anaesthesia before age 3 yr. An initial report described the primary analysis, finding that anaesthesia exposure was not associated with differences in the primary outcome of general intelligence. 23 In secondary analysis of other domains, processing speed and fine motor abilities were modestly decreased in multiply-exposed but not singly-exposed children; other domains including memory were not different. As a part of the prospective testing, performance on five OTB tasks was also assessed. This report presents the results of OTB testing in the MASK study. Two sets of hypotheses were tested. One set was generated from the prior study of rhesus macaques, 14 positing that a similar pattern of results would be observed in children multiply exposed to general anaesthesia. Specifically, we hypothesised that compared with unexposed children, multiple, but not single, exposures would be associated with deficits in three Incremental Repeated Acquisition task variables (percent task completed, accuracy, and response rate) and a Progressive Ratio task variable (response rate). We further hypothesised that exposure status would not be associated with differences in two Conditioned Position Response task variables (percent task completed and overall accuracy), but would be associated with deficits in the Conditioned Position Response task variable of response rate. The second set of hypotheses was generated based on prior studies that examined the effects of the administration of stimulant medication in children with attention deficit hyperactivity disorder (ADHD). 24e28 We have shown that the frequency of ADHD is higher in children multiply exposed to anaesthesia 7, 29 and that parents of multiply-exposed children report more behavioural problems. 23 Thus, the second set of hypotheses posited that children multiply exposed to anaesthesia would demonstrate deficits in those OTB variables that have been associated with ADHD and its treatment. Specifically, we hypothesised that compared with unexposed children, multiple, but not single, exposures would be associated with deficits in a Delayed-Match-To-Sample task variable (overall accuracy) and a Temporal Response Differentiation task parameter (timing accuracy).
Methods
This study was approved by the Mayo Clinic and Olmsted Medical Center Institutional Review Boards, and written informed consent/assent was obtained. Study methods have been previously published 22, 23 and are summarised here.
Summary of recruitment and testing procedures
Individuals born from January 1, 1994 to December 31, 2007 in Olmsted County, MN, USA, who resided within Olmsted County until their third birthday and who resided within 25 miles of Rochester, MN, according to available records at study onset were identified. Anaesthesia exposure status at 3 yr of age was classified as unexposed, singly exposed, or multiply exposed through review of their medical records. Each subject was tested once, either when 8e12 or 15e20 yr old. Subjects were selected for recruitment using a frequency-matched approach, with strata defined based on their propensity for receiving single and multiple exposures to general anaesthesia. Each subject was assessed by a trained psychometrist who evaluated domains typically measured in clinical practice. 22, 23 Parent/guardian questionnaires assessed perceived behaviour and learning difficulties. 23 
Summary of Operant Test Battery testing
After the neuropsychological testing previously reported, 23 five OTB tasks were administered to each subject using a test 
Analyses
Details of the analysis plan were made available via a webbased repository before commencing analysis (https://osf.io/ k93nb/). After weighting to account for residual imbalances in subject characteristics between groups using inverse probability of treatment weighting (IPTW), 23 effects of exposure status were calculated separately for each of 15 OTB variables (task scores) derived from the five OTB tasks as the primary analysis. However, these variables are likely not all independent (i.e. some may vary in a similar way). Thus, two secondary analyses were used to further account for the multiple variables analysed. To reduce these multiple variables to fewer dimensions, factor analysis was used to identify those OTB task scores that varied similarly, on average, across subjects, and thus loaded onto common underlying latent variables (factors). The association between exposure status and these factors was then determined. This approach could potentially increase the sensitivity for finding associations between anaesthesia exposure status and OTB performance if these common factors were affected. In cluster analysis, subjects were grouped such that the pattern of OTB results within a given group was more similar to each other than other groups, with groups denoted as 'clusters'. For example, higher and lower performers on OTB tasks could fall into different clusters based on their overall performance. The association between exposure status and cluster membership was then determined. This approach could potentially increase the sensitivity for finding associations if they were present in only some subjects. For all analyses, exposure status was categorised as 0, 1, and !2 exposures. Linear regressions including IPTW weights evaluated the relationship between exposure status and the appropriate dependent variable (individual OTB tests [primary analysis], cluster membership, or factor scores), using generalised estimating equations and a robust variance. All models including a factor to account for age at testing (by year), as many OTB variables were dependent upon age. Each model further tested interactions between exposure and age at testing (8e12 vs 15e20 yr) to assess whether the relationship between exposure and OTB tests was age at testing dependent. For both factor and cluster analyses, each OTB variable was transformed to have a mean¼0 (standard deviation [SD]¼1), with multiple imputations (50) used for missing data. 
Primary analysis

Cluster analysis
Hierarchical agglomerative clustering using Ward's minimum variance method was performed. 32 Clustering has been used previously to describe disease or patient phenotypes without making assumptions about the relationship of features. 33 The number of clusters was chosen based on numeric (cubic clustering criterion and semi-partial R 2 statistics) and subjective evaluation (number of subjects per cluster) before assessing associations with exposure status. After clusters were determined, baseline characteristics and parent report variables across cluster membership were compared using analysis of variance (ANOVA) F-tests for continuous variables and Pearson c 2 or Fisher exact tests (where appropriate) for categorical variables. The association between exposure status and cluster membership was assessed with an IPTW multinomial regression model. The relationship between cluster membership and parent reports of learning and behaviour was also examined to explore whether these reports were associated with OTB performance.
Factor analysis
There were no theoretical a priori assumptions regarding the relationship between OTB variables. Thus, exploratory factor analysis (EFA) was conducted using R packages psych 34 and lavaan. 35 The number of factors was chosen based on inspection of scree plots and eigenvalues, with a preference for the most parsimonious solution which could be interpreted within the context of the underlying variables. Factors were extracted using promax rotation, which allows for correlation between factors. The fit index of the model was evaluated using the standardised root mean square residual. 36e38 Once the factor structure was determined, factor scores derived from the EFA model were calculated using the Bartlett approach. 39 The relationship between exposure status and factor scores was evaluated in weighted linear regression models for each factor. Analyses were performed using SAS (SAS Institute Inc., Cary, NC, USA) version 9.4 and R for factor analyses (www.Rproject.org). All tests were two-sided, and a P value <0.05 was considered significant.
Results
Of the 997 participants who completed neuropsychological testing, six declined OTB testing and are not reported. Supplementary Files 2e6 show the scores for the 15 OTB task variables analysed as a function of age and exposure status. In general, performance on tasks improved with age, illustrating the need for age adjustment in the analyses.
Primary analysis
There were no significant differences for any test scores between unexposed and singly-exposed subjects (Table 1) . For multiply-exposed subjects, the only test score that differed significantly with individual testing was the Incremental Repeated Acquisition e Percent task completed. Only 22 children had less than 100% completion of this task; of these 13 were multiply exposed. When corrected for multiple comparisons using the Hochberg procedure, the P-value for this test score (P¼0.019) was greater than the critical value required to conclude significance (P¼0.003). The P-values for all other test scores also exceeded the critical P-values (data not shown). There was no significant interaction between exposure status and age at testing (8e12 vs 15e20 yr) for any score, indicating the lack of association did not depend on the age at testing (i.e. was present in both younger and older subjects). Thus, in primary analysis anaesthesia exposure was not associated with any significant difference in any OTB test score.
Cluster analysis
Using cubic clustering criterion and semi-partial R 2 , the opti- Subject characteristics did not differ according to cluster membership, including mother and father's age or education, sex, estimated gestational age at birth, Apgar scores, birth weight, and socio-economic status (Supplementary File 7) . Parent reports of learning and behaviour significantly differed according to cluster membership (Table 3) . Parents of children in Cluster D reported the most problems, and parents of subjects in Cluster B reported the least problems.
There was no evidence of associations between anaesthesia exposure and cluster membership (P¼0.91, Table 4 ), as the distribution of subjects among clusters was similar across exposure categories.
Factor analysis
There were three factors with eigenvalues >1.5 and 5 with eigenvalues >1 in the initial EFA model (eigenvalues measure the amount of variation in the total sample accounted for by each factor and help assess which model may best fit the data). Based on the principle of parsimony (i.e. a preference for the simplest solution), a four-factor solution was selected (Table 5) , which accounted for 59% of the variability. The standardised root mean square residual was 0.06 for this model. Factor 1 included all response rate variables and the response latency parameters from the Conditioned Position Response task. Factor 2 included the four variables derived from the Delayed Match to Sample task. Factor 3 included the three variables derived from the Temporal Response Differentiation task. Factor 4 included the two accuracy variables (for Conditioned Position Response and Incremental Repeated Acquisition tasks), and the Incremental Repeated Acquisition e Percent task completed variable. For factor scores calculated using this EFA model, Factor 4 standardised scores were significantly lower in multiplyexposed children (P¼0.04); there were no other significant associations between exposure status and any factor (Table 6) . However, this factor included the Incremental Repeated Acquisition e Percent task completed, which had outlying values (resulting from a skewed distribution, as only 22 subjects had values <100%). When winsorising was applied to account for these outlying values in a post hoc sensitivity analysis (i.e. limiting these extreme values without excluding them), this difference was no longer statistically significant (P¼0.07).
Discussion
The OTB is sensitive to a variety of toxicological and pharmacological agents in both non-human primates 14e16 and humans. 24e28, 40 In children, performances on several OTB tasks are correlated with IQ; direct correlations with other neurocognitive domains assessed in standard neuropsychological testing have not been reported. 18 The variables that are most affected by ketamine exposure in non-human primates are the ones that are typically more highly correlated with IQ in children. With the exception of Incremental Repeated Acquisition response rate (which has a correlation of 0.21 with IQ in children), all the other variables that are significantly affected by ketamine exposure in non-human primates have a correlation with IQ in children of 0.49e0.58. 18 A detailed comparison of OTB and neuropsychological tests in the MASK subjects is beyond the scope of this report. However, the results of cluster analysis demonstrate that lower levels of OTB performance are associated with parent-reported problems in learning and behaviour, suggesting that OTB performance is associated with other meaningful functional developmental outcomes. The first set of hypotheses posited parallels in OTB outcomes between a prior study of primates exposed to ketamine for 24 h at 1 week of life 14 and MASK subjects. Rhesus macaques were trained in OTB tasks beginning at 7 months of age and assessed up to nearly 4 yr of age. During training, acquisition of proficiency in several tasks was impaired in ketamine-exposed animals. At the end of training (at a development stage approximating human adolescence), ketamine-exposed animals continued to have impaired performance in the Incremental Repeat Acquisition task (learning and memory) but not in most variables of the Conditioned Position Response task (visual discrimination and response) or the Delayed Match To Sample task (working memory and attention). Most response rate task variables were also impaired. In the MASK subjects, although the factor analysis identified an association between multiple exposures and a factor that included two OTB variables hypothesised to be affected (Incremental Repeated Acquisition e Overall accuracy and Percent task completed), significance did not survive a sensitivity analysis accounting for outlying variables and also depended upon a small number of multiply-exposed children, thus representing at best weak evidence. Several factors may contribute to the differing findings between non-human primates and children. First, the methodology used in primates assesses training in OTB task performance via longitudinal assessments over many months, whereas our assessment in children is cross-sectional and does not reflect training. In primates, effects of exposure were observed in both the rate of task skill acquisition and steady state performance. We used the latter to formulate hypotheses in an attempt to increase comparability, but this still represents a significant difference in approach between species. Second, the OTB may not be sufficiently challenging in these children to detect small effects, especially in older children. For example, the potential for a ceiling effect was noted for two variables (values for the Conditioned Position Response e Overall accuracy and Incremental Repeated Acquisition e Percent task completed were 100% in many subjects), making it less likely that differences could be observed. However, the lack of significance for an interaction term between age at testing and exposure status suggests a lack of association with exposure even in younger children, in whom there is less potential for a ceiling effect. Finally, it is possible that the injury produced by ketamine in primates is simply not present in these children. The injury produced in the primate study is caused by higher doses and a more prolonged exposure time (24 h) than used in children (the total exposure time even in multiply exposed was almost always less than 24 h). 23 Also, the primates were studied in the first week of life, whereas the age at exposure of these children was over a wider range (up to 3 yr). There may also be differences in effects between exposure to ketamine (in the primate study) and volatile anaesthetics (primarily sevoflurane in MASK subjects), or moderating effects of simultaneous exposure to surgical stimulation (present in most children). Subsequent work in primates has pointed to effects of anaesthesia exposure at a young age on behaviour, 41, 42 consistent with the findings of the MASK study in regard to parental reports of behavioural difficulties, but these effects may not be captured by the OTB in children.
The second set of hypotheses was suggested by prior work showing (i) an association between multiple exposures and the incidence of ADHD, 7, 29 be responsible. First, parent reports indicated that 8% of subjects had current or past use of medications to treat ADHD (data not shown). Because subjects were not specifically instructed to discontinue these medications, continued use could have biased against finding differences in the small proportion of subjects who were treated. Second, in the primary analysis of neuropsychological tests, tests of attention and executive function that are abnormal in many children with ADHD 43e45 were also not different in children exposed to anaesthesia, consistent with this OTB finding. The lack of association between exposure and OTB performance on these tasks provides further evidence that behaviours diagnosed as ADHD that are associated with anaesthesia exposure may have features distinct from other aetiologies of ADHD. Are these OTB results consistent with the neuropsychological testing results previously reported? 23 Both forms of testing found that anaesthesia exposure was not associated with test scores measuring learning, memory, and attention. Performances on neuropsychological tests that depend upon fine motor skills were consistently impaired in multiplyexposed children. All OTB tasks require motor skills (i.e. pressing a lever) to complete. However, such skills are measured and conceptualised in various ways, for example, gross vs fine motor skills. It is not clear that those skills needed to press a lever are comparable with those needed to complete the fine motor assessments in the neuropsychological testing (e.g. Grooved Pegboard or trail making). Indeed, the lack of association between exposure and OTB performance suggests that different skills are involved, and that anaesthesia exposure is not associated with deficits in all motor skills. The other neuropsychological domain found to be impaired in multiplyexposed children was reading processing speed, which was not assessed by the OTB. Thus, the OTB does not appear to measure domains that are altered by anaesthesia exposure, or at least not with sufficient sensitivity to detect in a study of this size. Finally, given the correlation between IQ and OTB performance demonstrated in prior studies, 18 the prior finding that exposure does not affect IQ 23 is consistent with a lack of effect on OTB performance. In summary, exposure to volatile anaesthetics before age 3 yr did not consistently affect performance on the administered OTB tasks. These findings provide little support for the study hypothesis that children exposed to procedures requiring general anaesthesia show a pattern of effects on OTB tasks similar to that seen in non-human primates.
